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THE LAPLACE TRANSFORM OF THE ERGODIC DISTRIBUTION
OF THE PROCESS OF SEMI-MARKOVIAN RANDOM WALK WITH
NEGATIVE DRIFT, NONNEGATIVE JUMPS, DELAYS, AND
DELAYING SCREEN AT ZERO

The Laplace—Stieltjes transform with respect to z, the Laplace transform with respect
to t, the conditional distribution, the unconditional distribution, and the Laplace
transform of the ergodic distribution of the process of semi-Markovian random walk
with negative drift, nonnegative jumps, delays, and delaying screen at zero are ob-
tained.

INTRODUCTION

Let the sequence {&x, Cx }r; be given on the probability space (2,3, P(+)), where the
random variables &, (£, > 0) and ( ({x > 0) are independent and identically distributed.
We construct the process

k—1 k—1 k 0
V(t)=z—t+) G if D &<t<d & Y =0,k=1,2,..,t>0.
i=1 i=1 =1 1

Let us delay the process Y (¢) with a screen at zero. We denote it by Y, (¢):

This process is called the virtual waiting time in the queuing theory. The ergodic dis-
tribution of the process Y. (t) can be found, e.g., in [2-4]. In [2], the ergodic distribution
of the process Y, (t) was found in the case where the random variables & (§; > 0) and
¢k (Cr > 0) have the arbitrary distributions. This solution cannot be used in practice in
this form.

The process Y () was generalized in two directions: the jumps of the process take
place with probability p (0 < p < 1), and there is the random number of delays between
two positive jumps of the process (see Fig. 1).

We delayed the generalized process with a screen at zero. Then we obtained the
Laplace transform of the ergodic distribution of the last process, by using another
method.

1. THE PROCESS CONSTRUCTION

Let the sequences {&}re,, {mk}re;, and {Ck}re, be given on the probability space
(Q, F, P()), where &, nk, Ck, k = 1,00, are the random variables which are independent,
identically distributed, and independent between themselves. We suppose that & > 0,
e >0, >0,0< B <00,0< B <00,0< E( <ooand EE, > EC, k=1, 00.

From the beginning, the system linearly decreases from the initial state z up to a
moment t & > 0: X(t) =z —t for 0 <t < &. The random variable &; is the duration
of the drift of the system. When the drift ceases, the system stops in the state z — &;
for the duration of the random variable ;. We call the random time 7; as a delay. The
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number of the successive alternations “negative drift and the delay” to the first jump of
the size (1 (¢1 > 0) is the random number. This random number is denoted by v1. Thus,
we deal with the random variables &1, 11, (1 and v1. We can define the next random
variables similarly to &2, 12, (2, v2; .... We call this constructed process as the process
of a semi-Markovian random walk with negative drift, nonnegative jumps, and delays.

By I (I > 1), we denote the number of periods (the part of the process between two
successive jumps is called a period), k;(t) is the number of the negative drifts to the
moment ¢ in the I-th period, v; is the number of the alternations “negative drift and the
delay” to the i-th jump of the size (;.

Let us construct the process

1—1 vi+..Fv1+k(t)—1 ] vit...4vi_1+k (1)1
z—t+ 3 G+ > M, if > (& +m) <
=1 =1 =1
' V1+-~~+Vl—1l+k‘z(t)*1 ’
<t< > (& +m) + Evit vk ()5

_ =1
X(t) - -1 vi+... 41tk (t) vit... v +ki(t)—1 (1)
z+ 3 G- > &, if > (& +mni)+
~ = =~
' ' V1+~--+V171+/€Zl(t) 0
ottt SE< > (& +mi),1>1, 21: =0

i=1

One of the realizations of the process X (t) is depicted in Fig. 1:
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Let us delay the process X (t) with a screen at zero:

X.(t) = X(t) = int (0. X(5)).

We call the process X, (t) as the process of a semi-Markovian random walk with
negative drift, nonnegative jumps, delays, and delaying screen at zero.
One of the realizations of the process X, (t) is demonstrated in Fig. 2:
We denote
R(t,z|z)=P{X.(t) <z|X.(0)=2}, z>0.

o]

R(O,z|z) = /e_GtR(t,x|z)dt, 6 >0,
t=0

}:2(9,04|z) = /e‘“zd$}?(9,x|z), a >0,
=0

R(0,a) = /é(e,a|z)dp{x* (0) < 2},

z=0
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R(a) = ‘;iII(l) 0 I%(G, «), @ > 0is the Laplace—Stieltjes transform of the ergodic distribution
of the process X. (¢).

) = Ee " 6>0, k=T,o00.
p=P{G >0} k=T, .

It is obvious that

Pluvi=k}=0—-p)* 1y, k=T00,i=T, 0.

Let
P{&g <ty =[1—eH]e(t), u>0,
m—1 i (2>
P{G <t} = [1 —pe M Y M} €(t), A>0, m=T,05,
i=0
where

o) = {0, t<0,

1, t>0.

It is clear that the distribution function P {¢; < t} has one jump at zero of the size
1—p.

Our aim in this paper is to find the Laplace transform of the ergodic distribution of
the process X, ().

We will find R («) in case (2).

2. THE DETERMINATION OF R ()

To find R (), we must find R(6, o). To find R(0, ), we must find R(6, a| z).

We prove the following theorem about the integral presentation of R(8, a z).

Theorem. If {&,mk, (e}, k = 1, 00, is the sequence of independent identically distrib-
uted and independent between themselves random variables &k, ni, (rx, where & > 0,
N > 0, ¢ > 0,k = 1,00. Then the Laplace transform of the conditional distribution
R(t, x| z) with respect to the time and to the phase satisfies the integral equation

z [ee]

R(0, o] 2) = e / e~ p e > 2 —g)dr + / e P& > t)dt+

z=0 t=z
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() !_eez / e (0Tq P e <2 —a}+ / e "dP (& <t}

=0 t=z

L1 - p)p(0) | e ®dP (€ <t} R(0,a]0)+

\8

t=z

+op(0) / 0P £ < t} / R(6, ol y)dP {Gy <y} —

y=0
4

—(1 - p)p(B)e?= / VR0, 0l v)dy P {€1 < 2 — v} +

v=0

dP{& < u}.

+op(0) / e o / R(6,0])dyP (G <y — = +u)

Proof. Using the form for the total probability, we have
R(t,z|z)=P{X.(t) <z|X.(0)=z}=
=P{X. (1) <z;2—& <O0[X, (0) =2} +
+P{X,(t)<x;2—& >0]|X. (0) =2z} =
=P{X.(t)<z,z2—-& <0,&+m >t[X. (0) =z} +
+P{X. (t) <2 —& > 0,6 +m >t X, (0) =2} +
+P{X,(t)<z,z2—-6<0,&+m <t|X.(0)=z}+
+P{X.(t) <zy2—&>0,6+m <t X, (0)=2}=
=P{X.(t)<z,2-&<0,&E+m >t 0<t<z|X.(0)=2}+
+P{X.(t)<z,2—& <0,&+m >tz <t <& +m|Xe(0)=2}+
+P{X. (1) <a,2—6>0,6 +m >t,0<t <& X (0)=2}+
+P{X,(t)<z,2—&>0,&+m>ta <t<&+m|X.(0)=z}+
FP{X, () <w,2—& <0,&+m <t,G=0[X,(0)=2}+

(
FP{X. () <w,2—& <0,& +m <t,G>0|X.(0) =2} +
+P{Xu(t) <z,2 =86 > 0,6 +m <t,( =0]Xu(0) =2} +
+P{X,(t)<z,z2—&>0,&6+m <, >0]X.(0) =2} =

=P{z—t<z,z2—-6 <0,0<t<z}+
+P{0<z,2—6<0,z<t<&+m|X.(0)=2}+
+P{z—t<z,z2—-& >0,0<t <&+
+P{z-& <z,z2-&6 >0, <t<&+mP+

+(1-p) P{z—& <0,& +m €ds, X (s) € dy} x
1y
XP{X(t—s)<z|X.(0)=y}+
t oo
+p P{z—-& <0,& +m €ds, X, (sw) € dy} x
iy
XP{X,(t—s)<z|X.(0)=y}+

3)
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+(1—P)/ /P{Z—§1>Ofl+n1€d8 z—&1 €dy} x

s=0y=
XxP{X,(t—s)<z|X.(0)=y}+

+p

S

/P{Z—§1>0a§1+771€d5,2—51+41€dy}><

y=

L—0 .

(=)

xP{X,(t—s)<z|X,(0)=y}=
=e(t —max(0,z — x))e(z — )P {& >t} +

/ Pim >t —u}dP{& < u}+

u=max(0,z2—x)

+e(x) P{t>z}P{§1>t}—|—/P{n1>t—u}dP{§1<u}

S

+(1—p)/R(t—s,x|0)ds/P{m<s—u}dP{§1<u}+

S= u=z

S

+p /R(t—s xly)dP{(1 < y}ds /P{m<s—u}dP{§1<u}+

s=zy= u=z

t

+(1—p)/ /Rt—s zlz—u)dsP{m <s—u}dP{{& <u}+

s=0u=
¢

—|—p//dP{771<s—u} / (t—s,x|y)dyx
s=0u= Yy=z—u

xP{Cl <y—z+u}pdP{& <wu}.
Thus, we obtained the integral equation for R (¢, z|z):
R(t,z|z) = €(t —max(0,z — x))e(z — )P {& >t} +
+ / P{m >t—u}dP{& <ul+

u=max(0,z—x)

e (z) P{t>z}P{£1>t}+/P{n1>t—u}dP{£1<u}

S

¢
/Rt—sx|0 /P{n1<s—u}dP{§1<u}+

u==z

U=z

+p/ /R(t—s xly)dP {1 < y}ds /P{7]1<s—u}dP{§1<u}+

t

+(1—p)// (t—s,2|lz—u)dsP{m <s—u}dP{& <u}+

s=0u=
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t z oo
+p//dsP{771<s—u} / R(t—s,z|y)dyx

y=z—u

54

s=0 u=0
xP{G <y—z+4+u}dP{&{& <u}.

By applying the Laplace transformation with respect to ¢ and the Laplace—Stieltjes
transformation with respect to x to both sides of the last equation and allowing for

z

/ e d, / e P& > t)dt =

z=0 t=max(0,z—x)

= / e e (z —x)e MmOz p Le) S max (0,2 — x)} do =
=0

z

=e % / e"(@=0Tple > 2 — x}dr,
=0

we prove the theorem.
We will solve Eq. (3) in case (2). In this case, Eq. (3) an be written in the form

z oo

R(O,a|z) = etz / e—(a—u—@)xdm_,’_/e—(u+9)tdt_|_

=0 t=z

z

[1 — ¥ (9)] p’ef(quO)z / ef(afuf(?)mdx+

0
x=0
-] [ i :
+% / e~ WOt 4 (1= p) pgp (6) / e IR (0,0 |0) dt+
t=z t=z
A 0 T _ T m—1_,-Ay
#‘i@f / e~ ot / Y e MR (0, ofy) dydi+
t==z y=0
+ (1= p) pep (B) e~ 02 / WHOUR (0, o) dut
u=0

e

)\(Wffi@]_()él)) Az / e~ Futo)u / (y+u—z)""" e_)‘ylf’u(&aw)dudy.

u=0 Yy=z—

From the last equation, we have
= a{f+pll—o@} (o
RO,alz) = e~ (nt0)z _
(6 2) O(a—p—0)(n+0)

(1 - p) g (0) ]:% (97 o ‘0) 6—(/L+9)Z+
w+0

0+[1_§0(0Hp’e—az
0(a—p—0) *

+

A"ppp (0)  (uro) YR (0, aly) dy+

(m =) (u+0)

L—3

y
+ (1 = p) pp (0) e~ 1F0= / e HOuR 0, |u)du+ )?Lwl(ﬁ)e’\zx
m —1)!

u=0
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z oo

x [ [ R 6, aly) dudy. )

u=0 Yy=z—u
Multiplying both sides of this equation by e(#t?)# and taking the derivative with
respect to z, we obtain the equation

{R@.alz)+[n+0—n(-p)e@)]RO.al)}e =
_W0HA—oONK}  (arne | Ao O) A+ +0)

0 (m—1)!
X / e~ Huto)u / (y+u—z)"" e MR 0, aly) dudy+
u=0 Yy=z—u

+>\( /1/:901()9) —(A+p+9)z/ m—1 —)\yR 0,aly)dy—

_7>\(nf/i(p2()0;) / ~OtutO)u / (y+u—2)"" e_’\yé(e,a\y)dudy.

u=0 Yy=z—u

By multiplying both sides of this equation by e~ *#+9)2 e obtain
{RO.al2)+n+0-n1-p)e@)] R0l =

_ 10+ —0O)n) (aine | ATHpeO) A+ p+0)
4 (m—1)!

y / o~ (A tuto)u / (y+u—2z)""" ew/é(e,a ly) dudy+

+>‘( N/i@l()e) —(A+p+0)z / m—1 —M/R 9 a|y)dy—

—/\:L@;ﬁ) / e~ Futo)u / (y+u—2z)"" 2e”‘y{ﬁ%(ﬁ,a|y)dudy.
m— 2)!

u=0 Yy=z—u
Taking the derivative of the last equation m times with respect to z, we have the
(m+1)-order inhomogeneous differential equation:

ZCZ { RO+ (0,a]2) + [+ 6 — p(1 — p)p(0)] é(i)(ﬂ,odz)} X

X(=1)™ N (<)M upp () R(6, o 2) =

VTR0 (L2 i -

The general solution of this differential equation is

_ m—+1
R(0,a|z) = Z Ci(6, a)ef1 0Pz
i=1

. 0+ 1l = O} @+ A" V.

0 {z O {140 — (1 — p)(6) — o) Am=icyi — Ammww)}
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where K;(0,p), i = 1,m + 1, are the roots of the characteristic equation

DO AKTNO.p) + [0 — (1 = p)o(0)] K (0. )}

X(=1)MTINTT = (1) A" ppp(6) = 0. (7

of the differential equation (5).
Let us find the initial conditions of the differential equation (5). For this purpose, we
differentiate Eq. (4) m times:

I - -
> G {ROD(0.a12) + [+ 6 — p(1 = p)p(0)] RO (6,0] )} x

Jiiyimig=rs = CDHO+ =0 Ol b @+ ) -,

x(—1 0

l m —(k—
Z DA i (0) (A + e+ 6)' Y o~ Otut0)z o

* (m —k)!

k=1

D' A" upp () A+ p+6)
(m—(l+ 1))

_ke_Ay]%(O,a ly) dy + (

X
g\S
qu

S

X / o~ (A Fnt0)u / (eru—z)mf(lﬂ)@_wé(eaa/y) dudy+

u=0

[ee]

(D' X" app () A+ 14 0)' (it / .

1,y p _
(=11 VR (0. aly) dy

+

y=0

I _
(D" X ppp () A+ p+0) " o~ it 0)z o
(m = (k—1))!

o0

1Y o E )\m (6 _ g
% /ym (k=1), AyR(97a|y)dy_ (( llj_ﬂ; ) (A +p+0)
y=0

/ (y+u— z)mf(l+2) e_ky{]% 0,aly)dudy, | =0,m— 2. (8)

Putting z = 0 in the integral equation (4) and in expressions (8), we obtain the initial
conditions for the differential equation (5):
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R(6,0]0) = Z4E—ell 4 L=2liel@) (9, o] 0)+

A 0 m— 1 =
+ o keO) i‘{ff,fﬁe) f Y Le MR (0, aly ) dy,

éj()ci {é(i+l)(9,a| 0) + [+ 60 — u(l — p)p()] é(i)(e’a‘ 0)} »

X (—=1)IIN = (—1)1{9+[1—<g(9)]lt}(a+)\)l+

m—k)!

l m —(k— oo ~
+ 3 A ”pzp(g)(§+ﬂ+0)l — [ ymFe MR (0, aly) dy+
k=1 y=0

L+ CDN " () 6)' f ym e R (6, aly) dy+

(m—1)!

m oo =
+ CON QOO [ ymAe MR (0,0 ly) dy, | =0,m 2,
y=0

% Cht {ROD(8,010) + [+ 6 (1 = p)p(8)] RV (6,0]0)} x

X ()= (+D) ym=(+1) = (CU" O O™y

m—2

mym m—k 9 M
4 Z (=™ H/E;f;(f)]j;!\“‘lr't“)) f ymfkefkyR (97 o |y) dy+
=1

F (=D)AL A+ 1+ 0) po (0) [ ye MR (0, aly) dy+
y=0

n Z ("N ape OOt 0)" D (k=1) =X R (9, o |y ) dy—

(m—1)!

y=0

— (1) 2N ppp (0) [ e NVR(0,aly)dy
y=0

Writing the expression for

57
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from system (8) and the expression for ]:%(0, aly) from (6), we get the following system
of linear algebraic equations for C;(0),i =1,m +1:

m+1
_ (=ppp®) _ A" ppo(6) ' o
1;1 {1 (u+0) (L+tO)A—K;(0,0)]™ } Ci(0,a) =

B ala+N)"{0+[1 -9 (@) pu}
O(n+0){{n+0—p(1—p)pd) —a] (a+N)" = Amupp(6)}

S S I 0.0+ I+ 0 1= p)el0)] K000} %

j=1

(D)™ A" (B) A+t 0) ")
A= K (0, p))" "

l
% (_1)l7i>\lfi _ kzl

DTN () At 0)
N =K (0.0

(71)l+1 A" upp (6) (A +_A’i+ 9)5—1« } C; (0,a) =0,
P A= K5 (0, p)]"

b5l {mf Cie LK1 0,0) + [+ 0 — u(1 = p)p(0)] K3 (0, p) } x

mET2 (1) A" ppp (6) A+ +6)" "

X(_l)mf(iJrl))\mf(i«kl) _ Z
= = K; (0, p))" Y

(=)™ 2 X" papp (6) (A + p + )
A — I (6, p))”

LED"T AN upp (0) A+ )"
A —K;(0,p)]™

- mf (=D X" upp () A+ p+ o)
= A=K (6,p)"

(=)™ 2 N ppp (0) _
- SE ey }cj (0,0) = 0.

Using the Vieta conditions for the characteristic equation (7), we have

m—+1

II = K0, 0)] = (=1 A" upp (6),
m+1
H [/\ - K; (eap)] =

=

(10)
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= (D" N G 0. K (0,0) + it 0= (1= p)e(0)].
In view of these forms, system (10) yields the equation

m—+1
Z Kj (07/)) Cj (9’ a) =
) o {0+l — (O} (a+N)™ |
0 { 8 01 0= (1 = p)p(0) - ap Ar—iai - Wupso(é’)}

This linear algebraic equation has infinite number of solutions. We take the solution

Cl ((9,05) =
aif+p[l — @]} (a+N)™

0 { 82 01+ 0 (1 = p)e0) — a} A=t - Amupso(e)} K10, p)

)

C;(0,a)=0,j=2,m+ 1.

In this case, the general solution (6) of the differential equation will take the following
form:

]:%(0,04 z) =
. o {9 + [1 - @(9)]} (a + )‘)m 6K1(9»9)2+

0 { 8 0 0 - (1 p)p(0) - ap xn—iai - Amupsow)} K.(6.p)

{0+ull —e@)]} (a+M)™ e
0 {72:% ChAn+0—pu(l—p)p(d) —a} Am—ial — N’”ups&(@)}

+

where K7(0, p) = 0. This solution satisfies the differential equation (5), initial conditions
(9), and integral equation (4).

Let us find R(f,a). Since the random variable X, (0) has the m-order Erlang distrib-
ution, we can write

R(0,a) = /é(e,a|z)dp (X.(0) < 2} = | R(6,0] 2)dP{¢, < 2}
J— )\m
=K@,

a0+ pll —e@)]) (@+M)™

X
0 £ Chu 0 - (1 = p)e0) — ah xm-ia < 3 upi0) ) K (0.0

A0+ [l —e(0)]} ’
0{ £ Chu it 0 1= p)pl#) - @) il = App(6) |

+

Remark. If A — mup > 0, the process X, (t) will be ergodic.
The proof of this remark is obtained from Theorem 2 in [1].
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Therefore, using the Tauberian theorem, we can find the Laplace transform of the
ergodic distribution of the process X, (t):

- . = _ A\ — mup
R(a) = gli%ﬁR(Q, a) = X
) (0 +A)" ()
m(a— pp)Am=t = L a(a — pp)Am=2 4 A 4 3 Ci (o — pp)ai =t Am—
1=3

By X., we denote the random variable satisfying the equality
tlim P{X.(t)<z}=P{X.<z},z€R".

From (12), we find the expectation and variance of the ergodic distribution of the
process X, (1):
mm+ Vo (m+ 1) [EG]
2AMA —mpup)  2mp[E& — EG]
~m(m A+ Dpup[4(m+2) X —m(m + 5)up]
12X2(X — mpup)?
(m+1) [4(m+2) EG — (m+5)EG]
12(mp)? B¢ — EG]
In particular, for m = 1 and p = 1, the result

Exo M _ B

AMA=p)  [B&G - EG)
_ @A —p) _ [2BG - EG]
DX = NN —p)? (B¢, — EG) B

EX =

DX

EG] .

follows from (3, p. 121].
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